Low-cost fluoride adsorbents prepared from a renewable biowaste: Syntheses, characterization and modeling studies  by Rajkumar, S. et al.
Arabian Journal of Chemistry (2015) xxx, xxx–xxxKing Saud University
Arabian Journal of Chemistry
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLELow-cost ﬂuoride adsorbents prepared from a
renewable biowaste: Syntheses, characterization
and modeling studies* Corresponding author. Tel.:+91 4426412844; fax:+91 4426426900.
E-mail address: sivshri.20@gmail.com (V. Sivasankar).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.arabjc.2015.06.028
1878-5352 ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Please cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents prepared from a renewable biowaste: Syntheses, characterization and m
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.06.028S. Rajkumar a, S. Murugesh b, V. Sivasankar c,*, A. Darchen d, T.A.M. Msagati e,
T. Chaabane fa Department of Chemistry, Thiagarajar College of Engineering (Autonomous), Madurai 625 015, Tamil Nadu, India
b Department of Chemistry, Latha Mathavan Engineering College, Madurai 625 301, Tamil Nadu, India
c PG and Research Department of Chemistry, Pachaiyappa’s College, Chennai 600 030, Tamil Nadu, India
d UMR CNRS n6226 Institut des Sciences Chimiques de Rennes, ENSCR, 11 Alle´e de Beaulieu, CS 50837, 35708 Rennes
Cedex 7, France
e University of South Africa, College of Science Engineering and Technology, UNISA Science Campus, 1709
Roodepoort, Johannesburg, South Africa
f University of Sciences and Technology Houari Boumediene, Faculty of Mechanical and Process
Engineering/Environmental Department, BP 32 El-Alia 16111, Bab Ezzouar, Algiers, AlgeriaReceived 18 March 2015; accepted 13 June 2015KEYWORDS
Cow dung carbon;
Deﬂuoridation;
Fluoride removal;
Fluorophilic elements;
Adsorbent composite;
AdsorptionAbstract The preparation of composite adsorbents for ﬂuoride anion was performed from natural
cow dung and cow dung impregnated by a solution of calcium and iron salts. These starting mate-
rials were dried and carbonized at 300, 500 or 700 C for 2 h leading to Cow Dung Carbon (CDC)
or Ca–Fe Impregnated Cow Dung Carbon ICDC. All these carbons were used as adsorbent in ﬂu-
oride removal studies. Batch mode experiments using CDC and ICDC were conducted in which the
ﬂuoride removal varied linearly as a function of contact time, pH, adsorbent dose, initial ﬂuoride
concentration, temperature and interfering anionic species. Both kinetic and isotherm based models
were checked for the applicability of the present ﬂuoride sorption system onto CDC and ICDC. For
carbonization at 300 C, the doping with Ca and Fe increased the deﬂuoridation activity. The most
efﬁcient carbon was CDC which was prepared at 500 C. It showed a deﬂuoridation activity of
15 mg g1. This carbon was made from renewable cow dung without the need of a chemical activa-
tion. However, the recycling of F-loaded adsorbents may be carried out by washing in alkaline solu-
tion. CDC and ICDC were analyzed by scanning electron microscopy and X-ray diffraction inodeling
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studies. Arabian Journal of Chemistry (2015order to understand the reasons of their excellent deﬂuoridation capacity. The growing of plants
requires the consumption of essential inorganic nutrients such as Ca, Mg, and P which are known
to be ﬂuorophilic elements in ﬂuoride adsorbents. After ingestion and digestion of plants by rumi-
nants, some of these nutrients remained in cow dung and then in the corresponding carbonized
materials where they acted as ﬂuoride scavenger. This exceptional deﬂuoridation capacity of
CDC allows their use in rural countries.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Occurrence of ﬂuoride in groundwater has drawn worldwide
attention due to its considerable impact on human physiology.
The assimilation of ﬂuoride into the human body from potable
water at the level of 1.0 mg L1 enhances bone development
and prevents dental carriers. The maximum tolerance limit of
ﬂuoride in drinking water speciﬁed by the World Health
Organisation (WHO, 2004) is 1.5 mg L1, but a lower concen-
tration is recommended for children (Erdal and Buchanan,
2005). According to WHO estimate, excess ﬂuoride concentra-
tion in groundwater (>1.5 mg/L) is affecting more than 260
million people around the world (Amini et al., 2008). Even
though the upper limit of ﬂuoride concentration in drinking
water is 1.5 mg L1, in many tropical countries, where there
is a high sweat loss and a high intake of water due to the
hot weather, such an upper limit may be unsuitable
(Brouwer et al., 1988). The Bureau of India Standards (BIS)
prescribes a limit between 1.0 and 1.5 mg L1. In India, about
62 million people are at risk of developing ﬂuorosis from
drinking ﬂuoride contaminated water (Andezhath and
Ghosh, 2000). Fluoride in human body mainly affects solid tis-
sues depending on its exposure time and leads to dental ﬂuoro-
sis and skeletal ﬂuorosis. Dental ﬂuorosis is of particular
concern during childhood when teeth are actively formed
which leads to an increase in the porosity of enamel and
decreases in mineral content. Excessive intake of ﬂuoride dam-
ages enamel and leads to abnormal development of teeth
(Hussain et al., 2004). Besides this cosmetic consequence of ﬂu-
oride excess, the neurotoxicity of ﬂuoride has been recently
emphasized because it is more susceptible to injury developing
human brains than the brain of an adult (Grandjean and
Landrigan, 2006; Tang et al., 2008). Children who live in a ﬂu-
orosis area have ﬁve times higher odds of developing low IQ
than those who live in a slight ﬂuorosis area. Owing to the tox-
icity of ﬂuoride for children it is important to develop efﬁcient
and cheap deﬂuoridation treatment of the water of ﬂuorosis
areas.
Fluoride removal methods can be divided into membrane
and adsorption techniques. Membrane techniques include
reverse osmosis (Meenakshi and Maheswari, 2006),
nano-ﬁltration (Tahaikt et al., 2007) and electrodialysis
(Kabay et al., 2008). Adsorption techniques are easy to use
and a lot of adsorbents have been investigated. They include
low-cost compounds and more sophisticated ones: aluminum
based materials (Tripathy et al., 2006) clays and soils
(Chidambaram et al., 2013), calcium based minerals (Sasaki
et al., 2013), synthetic compounds (Yu et al., 2013), seaweed
species (Paudyal et al., 2013) and carbon based materials
(Sivasankar et al., 2012a,b). Researchers have also workedS. et al., Low-cost ﬂuoride adsorbents
), http://dx.doi.org/10.1016/j.arabjc.201on deﬂuoridation using wastes of industrial and biotic origins.
The ﬂuoride sorption tendency of activated carbon from agri-
cultural waste was attempted by Sivabalan et al. (2002) by
batch and column mode experiments.
Preparations of carbonaceous adsorbents from various
waste materials have been reviewed but their applications to
ﬂuoride removal are scarce (Bhatnagar and Sillanpa¨a¨, 2010;
Dias et al., 2007; Ioannidou and Zabaniotou, 2007). The
preparation of carbon materials from natural sources and their
ﬂuoride removal capacity have been recently reviewed in an
original paper (Mohan et al., 2012). The use of ﬂuoride adsor-
bent carbons arising from carbonization of cow dung or cattle
dung has not been reported yet. The utilization of cow dung in
many forms is well known. In many parts of the world, the
caked and dried cow dung for fuel application is well known
(Aggarwal and Singh, 1984). Production of biogas and the
generation of heat and electricity have drawn signiﬁcant atten-
tion across the world using cow dung. Carbonization of cow or
cattle dung is scarce (Demiral and Demiral, 2008; Das et al.,
2000; Elaigwu et al., 2009; Bhattacharya and Yu, 2014) and
the corresponding carbon materials have never been used in
deﬂuoridation. Adsorption activity of cow dung carbon has
been investigated against Cr(VI) (Das et al., 2000) and
Pb(II) (Elaigwu et al., 2009). A more recent application has
been reported in the preparation of electrode materials
(Bhattacharya and Yu, 2014).
In the present work, the application of cow dung carbon is
extended as an adsorbent in the removal of ﬂuoride from
drinking water. The growing of plants requires the assimilation
of essential inorganic nutrients that contain Ca, Mg and P.
These elements are essential for herbivorous animals in the
constitution of solid parts of their body such as bones and
teeth. These elements are also known as ﬂuorophilic elements
in ﬂuoride adsorbents. After ingestion and digestion of plants
these elements are found in dung (Winterhalder et al., 1974)
and then in the carbonized materials where they acted as ﬂuo-
ride scavenger. Since cow or cattle are widely present in rural
countries cow or cattle dung carbons can be easily prepared
without the use of chemicals and so it allows the access to qual-
ity water for poor people. The objective on ﬂuoride removal
was envisaged based on the carbon and calcium contents pre-
sent in the cow dung.
2. Materials and methods
2.1. Chemicals and materials
All the chemicals used in the present study were of analar
grade. Solutions were made with distilled water. Fresh cattle
dung was collected from the study area called U. Vadipattyprepared from a renewable biowaste: Syntheses, characterization and modeling
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Syntheses, characterization and modeling studies 3village, Uthappanaikanur Firka in Usilampatty Taluk of
Madurai District. It was air-dried for about 15 days under sun-
light. The wet dung material was monitored and frequently
stirred to facilitate the drying process and to avoid the growth
of fungal attack as well.
2.2. Syntheses of sorbent carbons
The sun-dried cattle dung was sieved for the particle size of
<600 lm. Then 25 g of dried cattle dung was stirred with
0.2 L of a solution of 0.05 M CaCl2 and 0.05 M FeCl3 for
2 h. After stirring, the whole content was left undisturbed for
24 h for aging. After ﬁltration, the impregnated wet mass
was dried in hot air-oven maintained at 100 ± 5 C for 3 h.
The impregnated and dried material was carbonized by keep-
ing in the mufﬂe furnace at 300 C, 500 C or 700 C for 2 h
leading to Impregnated Cow Dung Carbon (ICDC).
Simultaneously, the non-modiﬁed carbons such as CDC were
prepared by stirring 25 g of sun-dried cattle dung in 0.2 L of
distilled water, followed by the drying and carbonization
processes. The virgin and modiﬁed carbons are abbreviated
with reference to the mention of impregnation and
carbonization temperature as follows: Cow Dung
Carbonized at 300 C, 500 C or 700 C is noted
CDC@300 C, CDC@500 C or CDC@700 C, respectively.
Impregnated Cow Dung Carbonized at 300 C, 500 C or
700 C is noted CDCCaFe@300 C, CDCCaFe@500 C or
CDCCaFe@700 C, respectively.
2.3. Characterization of sorbent carbons
CDC and ICDC were observed and analyzed by Scanning
Electron Microscope (SEM) and Energy Dispersive
Spectroscopy (EDS) with a JEOL JSM model 5610 microscope
to study its surface morphology. Powder X-ray diffraction
(XRD) patterns were collected with a INEL XRG 3500
diffractometer using Cu Ka (k= 1.540560 A˚) at 30 kV and
30 mA with an angle range 2h between 5 and 120 and step
length of 0.02(2h). The speciﬁc surface of carbons was deter-
mined by nitrogen adsorption/desorption at 77.5 K on a
Micromeritics ASAP 2020, V3.00H instrument. Elemental
analysis was done by Micro-analyzer ﬂash EA1112 CHNS/O
from Thermo Electron. FTIR spectra were recorded with a
Shimadzu IR – Prestige-21 instrument.
The iodine number of carbons was determined using the
standard volumetric method carried out by iodometry. The
pH of the point of zero charge pHPZC, i.e. the pH above which
the total surface of the carbon particles is negatively charged
was measured by the so-called ‘‘pH drift method’’
(Newcombe et al., 1993). For this purpose, 0.05 L of a
0.01 M NaCl solution was placed in a jacketed titration vessel,
thermostated at 298 K, and N2 was bubbled through the solu-
tion to stabilize the pH by preventing the dissolution of CO2.
The pH was then adjusted to successive initial values between 2
and 12, by adding either HCl or NaOH and the carbon (0.1 g)
was added to the solution. The ﬁnal pH, reached after 48 h,
was measured and plotted against the initial pH. The pH at
which the ﬁnal pH crosses the line pHﬁnal = pHinitial is taken
as the pHPZC of the given carbon.
The acidic and basic surface contents of carbons were deter-
mined using the Boehm’s titration method (Boehm, 1994). APlease cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201dried carbon sample (0.1 g) was mixed with 50 mL of
0.025 M NaOH or 0.020 M HCl under N2 atmosphere. After
1 h of stirring and ﬁltration, the excess of base and acid was
titrated with 0.020 M HCl and 0.025 M NaOH, respectively.
Surface acidity and basicity were calculated with the assump-
tion that HCl and NaOH neutralize all basic groups and acidic
groups, respectively.2.4. Fluoride adsorption studies
Fluoride solutions were prepared by diluting a homemade
stock NaF solution (100 mg of F L1). The deﬂuoridation
experiments were carried out by batch method at various tem-
peratures 298 K, 308 K and 318 K. A deﬁned quantity of
0.05 g of dry carbon was added into 0.05 L of a ﬂuoride solu-
tion with a desired pH value. The pH of the medium was
adjusted using either HCl or NaOH. An equilibrium time of
30 min was optimized for shaking and the residual ﬂuoride
concentration was determined thanks to a ﬂuoride ion selective
electrode (Orion, number BN 9609, USA) connected to an ion
meter (Orion, model 290A, USA). The kinetic study was car-
ried out at pH 7.50 ± 0.05 with different initial ﬂuoride con-
centrations (2–8 mg L1) and temperatures (298 K, 308 K
and 318 K). The effect of CDC@500 C dose for ﬂuoride
uptake capacity was studied in the concentration range of
1.0–6.0 g L1 with an initial ﬂuoride concentration of
2 mg L1. The interference of various ions viz., Cl, HCO3
,
NO2
, NO3
 and SO4
2 on ﬂuoride sorption was also studied
under the optimized conditions. Desorption study was
attempted using the regenerating solutions of 0.05 M, 0.1 M
and 0.2 M NaOH for the ﬂuoride concentrations of 2–
8 mg L1. Thermodynamic parameters of adsorption viz., free
energy change (DG), enthalpy change (DH), entropy change
(DS), sorption energy (E) and activation energy (Ea) were cal-
culated. Eqs. (1)–(12) based on kinetics, isotherm and thermo-
dynamics of sorption are given in Table 1.
3. Results and discussion
3.1. Characterizations of carbon materials
The non-modiﬁed carbon CDC@500 C is a typical and the
best material in this study, and for this reason the paper
focuses on its characterizations and on the main effects of
the Ca and Fe impregnation. Some results are shown in
Table 2.
3.1.1. Chemical composition
Elemental analyses of CDC@500 C (Table 2) revealed the
presence of 31.21% of carbon which is closer to the study con-
ducted by Prasad who reported the percentage of C, H and N
in cattle dung (Prasad, 1993). But the decrease in the percent-
age of hydrogen and nitrogen in CDC@500 C as compared to
dried cattle dung may be associated with the release of water
vapor and ammonia or nitrogen oxides during the carboniza-
tion process. The amount of substantial hydrogen and the
amount of nitrogen were about 1.61% and 1.33% respectively
with very small amounts of sulfur of 0.21%. The presence of
oxygen and inorganic oxides in CDC@500 C was about
65.64%. The substantial oxygen and inorganic residues ofprepared from a renewable biowaste: Syntheses, characterization and modeling
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Table 1 Kinetic, isotherm model equations and associated parameters.
Model Equation Plotting
parameters as
Description and units Ref. Equation
number
X Y
Kinetic type
1. Pseudo-
ﬁrst-order
lnðqe  qÞ ¼ ln qe  k1ðtÞ Time
(t)
ln
(qe  q)
k1ﬁ Pseudo-ﬁrst-order rate constant in min1 Lagergren (1898) (1)
2. Pseudo-
second-order
dq=dt ¼ k2ðqe  qÞ2 Time
(t)
t/qt k2ﬁ Pseudo-second-order rate constant in g mg1 min1; h (=kqe2)ﬁ initial sorption rate in
mg g1 min1
Ho et al. (1996) (2)
t=qt ¼ 1=k2q2e þ ð1=qeÞt (3)
3. Intra-
particle
diﬀusion
qt ¼ kit1=2 þ C Time½
(t)1/2
qt kiﬁ intraparticle rate constant in mg g1 min0.5; Cﬁ thickness of the boundary layer in
mg g1
Weber and
Morris (1964)
(4)
4. Elovich qt ¼ ð1=BÞ lnABþ ð1=BÞ ln t Time
(t)
ln(t) Aﬁ initial adsorption rate in mg g1min1; Bﬁ constant of desorption in g mg1 Aharoni and
Tompkins (1970)
(5)
In the above kinetic models, qt and qe are the amount of ﬂuoride adsorbed at time, t and equilibrium respectively in mg g
1
Isotherm type
1. Langmuir qe ¼ QobCe=1þ bCe Ce qe Qoﬁ Sorption capacity in mg g1; Lﬁ Langmuir isotherm constant in L mg1 Langmuir (1916) (6)
2. Freundlich qe ¼ KFC1=ne logCe logqe Ceﬁ equilibrium concentration of ﬂuoride in solution in mg L
1; KFﬁ adsorption capacity in
mg g1; 1/nﬁ adsorption intensity or surface heterogeneity (0.1 6 1/nP 1.0 and
1 6 nP 10ﬁ favorable for sorption
Freundlich (1906) (7)
3. DKR Lnqed ¼ ln qmd  ke2 e2 lnqe qed-amount of ﬂuoride adsorbed per unit weight of adsorbent (mmol g1) Dubinin and
Radushkevich
(1947)
(8)
E ¼ 1=p  2b qmd-monolayer adsorption capacity (mmol g1) (9)
e ¼ RT lnð1=CeÞ b-constant related to adsorption energy (mol2 (kJ)1) (10)
Thermodynamic parameters
1. Free
energy of
sorption
DG ¼ RT lnK lnqe Ce DGﬁ Free energy change in kJ mol1; DHﬁ Enthalpy change in kJ mol1; DSﬁ Entropy
change in kJ mol1 K1; Kﬁ Sorption equilibrium constant
Sepehr et al.
(2013)
(11)
lnK ¼ DH=RTþ DS=R (12)
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Table 2 Properties of CDC@500 C.
Elemental analysis in %
Carbon 31.21
Hydrogen 1.61
Nitrogen 1.33
Sulfur 0.21
Oxygen + inorganic residues 65.64
Textural data
Single point surface area (m2 g1) 18.3
BET surface area (m2 g1) 19.2
Total pore volume (cm3 g1) 0.092
Average pore width (nm) 19.2
Average pore diameter (nm) during
BJH adsorption 18.3
BJH desorption 15.4
Iodine number (mg g1) 912
pHzpc 9.09
Figure 1 Plot of relative pressure versus volume of adsorption/
desorption of CDC@500 C (A) pore size distribution of
CDC@500 C (B).
Syntheses, characterization and modeling studies 58–11% (by weight) in the carbonized material enhance the nat-
ure of hydrophilicity. The degree of carbonization may be
described by the molar ratio of H/C because H is primarily
associated with the organic matter (Kolodynska et al., 2012).
The H/C and O/C molar ratios of CDC@500 C were 0.62
and 1.58 respectively. The H/C ratio suggests that the cattle
dung is weakly carbonized but, based on the O/C ratio it is
found to contain high polar group contents which could facil-
itate the formation of water clusters on carbon surface
(Lesmana et al., 2009).
The inorganic oxides formed due to calcium, magnesium,
iron and silicon get hydroxylated and develop a surface charge
in aqueous medium. From EDS results, it was observed that
carbons undergo changes in their elemental compositions
between the carbonization temperatures 300 C and 500 C.
The increase in carbonization temperature increased the loss
of carbon and led the carbon content reduction from 59% to
25% at 700 C. Conversely, the percentage of oxygen and
other inorganic oxides was appreciably increased from 30%
to 51%. Oh et al. (2012) inferred the loss of oxygen and hydro-
gen due to dehydration (as surface functional – OH groups)
and structural rupture of CAO and OAH groups at 700 C
under oxygen limited conditions. But in the present study,
under excess supply of oxygen, the presence of undigested cel-
lulose, hemi-cellulose, lignin and other nitrogenous com-
pounds in metabolic excretions gets converted into the
carbonized form along with other inorganic oxides. The
decrease in the carbon content was facilitated under roasting
against its increase under carbonization (Shen et al., 2011).
Similar result on the preparation of activated carbon with
decreasing carbon content was reported during carbonization
in nitrogen atmosphere (Demiral et al., 2011). In support of
our results, the carbon content decrease was observed for syn-
thesized charcoals during the increase of the carbonization
temperature from 500 C to 900 C (Tchomgui-Kamga et al.,
2010a,b).
3.1.2. Porous structure
Nitrogen isotherms were carried out to evaluate the speciﬁc
surface area and pore size distribution of CDC@500 C. The
general shape of the nitrogen sorption isotherm indicated thePlease cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201size of different pore sizes which varied between micropores
and mesopores. At low relative pressure area (P/Po < 1) the
graph (Fig. 1A) showing hysteresis represents a drastic uptake
which reveals the presence of micropores. Meanwhile, slight
uptake at higher relative pressures nearby 1 corroborated the
existence of macropores which is likely between particles.
The graph resembles the type II and type III isotherms which
evidence the existence of particles with micro- and meso-
porous nature wherein the amount of adsorption increases
without limit and its natural adsorption approaches unity.
Pores include primary (<8 A˚) and secondary micropores
(8–20 A˚ width), mesopores (20–500 A˚ width) and macropores
(>500 A˚ width). Macropores represent the entrance to the
internal adsorbent pore structure, and mesopores facilitate dif-
fusive transport to adsorption sites. The micropores are hosts
for most pollutants. Activated carbon contains macropores
close to the surface that branch into mesopores and ﬁnally
micropores. In the graph, it is very clear that the curve which
ascends up to 0.1 is followed by a plateau up to 0.7–0.8. This
positive plateau falls between the relative pressures 0.1 and 0.8
indicates the development of mesopores. The curve of relative
pressure ﬁnally ends with an upward sweep occurring near the
saturation pressure (P/Po = 1).
CDC@500 C exhibited a pore size distribution depicted
(Fig. 1B) as a broad curve with peak maximum at ca.prepared from a renewable biowaste: Syntheses, characterization and modeling
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6 S. Rajkumar et al.12.5 nm. The pore volume decreases to a minimum for a pore
size of 5 nm, once again increases to a maximum at 12.5 nm
and then decreases further. The average pore diameter after
BJH adsorption and desorption was observed to be 19.2 nm
and 15.4 nm, respectively.
Iodine number evaluates the surface area of carbons
associated with pores larger than 1 nm (Patnukao and
Pavasant, 2008) and gives an indication of adsorption capacity
in micropores. The iodine number of CDC@500 C was mea-
sured to be 912 mg g1 with the speciﬁc surface area of
18.3 m2 g1.
3.1.3. Scanning electron microscopy
Scanning electron micrographs (Fig. 2) show a disorganized
structure of carbons especially CDC@500 C and
CDC@700 C. The presence of SiO2 and other inorganic com-
pounds precipitates along with the ash are observed as sharp
edged crystallites and ash – like ﬁne particles. The particles
appear with high heterogeneity in shapes but the images of
CDC@700 C appear with high degree of rupture leading to
ﬁne along with huge particles with the formation of alkali
metal oxides, alkaline metal carbonates and silica. The EDS
analysis of non-modiﬁed CDC shows that it contains a lot of
elements (with % weight) besides the expected C (67.00%)
and O (24.86%): Si (3.18%), Ca (1.69%), P (0.75%), K
(0.67%), Na (0.62%), Mg (0.56%), Al (0.34%) and Cl
(0.32%). The EDS analysis shows the increased Si (as SiO2)
content from 3.4% to 13% (by weight) for non-modiﬁed
CDC when the carbonization temperature increases. This
occurs due to the decrease in carbon mass which there by
increased the mass of silica to the total mass of carbons onFigure 2 Scanning electron micrograph
Please cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201increasing the temperature from 300 C to 700 C. As a conse-
quence of thermo-chemical reactions which take place during
carbonization, the separation of metal compounds as oxides,
carbonates and chlorides from the carbon surface is well wit-
nessed from the EDS analysis and reveals the existence of K,
Ca and Mg as main elements and Fe in minor amounts. The
thermal destruction of particles accompanied with the precip-
itation of inorganic compounds was well documented from
the images captured for CDC@500 C and CDC@700 C.
The SEM images of CDC@300 C remain with little distortion
and contain bigger particles with higher degree of heterogene-
ity. However, these images appear to have well developed
structures containing cracks and voids and may be trapped
with acidic oxides (phosphorus and nitrogen oxides), which
on hydrolysis give a solution of acidic nature.
3.1.4. pHPZC
The pHPZC of cattle dung (7.80) and CDC is represented in
Fig. S1. It shows that the pHPZC for CDC@500 C and
CDC@700 C was 9.30 and 9.61, respectively. The increased
pHPZC toward basic medium is evidently associated with the
formation of inorganic compounds during carbonization.
This is in agreement with the research studies which
corroborated the separation of alkali salts from the organic
matrix after pyrolysis of bio-materials (Lu et al., 2012).
Interestingly, the pHPZC for the raw cattle dung (prepared as
slurry) was measured to be 7.80. This cattle dung on car-
bonization releases various volatile gases in addition to oxides
of carbon, hydrides of nitrogen and oxygen. As a consequence
of carbonization at 300 C and due to thermo-chemical reac-
tions, the pHPZC of yielded CDC descends to 6.25.s for CDCs and ICDCs (CDCCaFe).
prepared from a renewable biowaste: Syntheses, characterization and modeling
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The powder X-ray diffraction patterns of non-modiﬁed
CDC show characteristic peaks particularly with the two
main diffractions around 2h values equal to 21 and
26.5. These rays substantiate the presence of SiO2 in
CDC and the nature of CDC becomes quasi – amorphous.
SiO2 crystallites are attributed to quartz particles by com-
parison of intensities of peaks around 21 and 26.5 in
Fig. 3A–C.
3.1.6. Infrared spectroscopy
The FTIR characterization (Fig. S2) for CDC@500 C is as
follows. The IR absorption bands at 1535 cm1 andFigure 3 X-ray diffraction proﬁles of CDC@500 C
Please cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2011550 cm1 correspond to the double bond (C‚C) vibrations
in an aromatic system and the highly conjugated CAO stretch-
ing vibrations respectively (Pakula et al., 2007). The absorp-
tion bands at 2347 cm1 and 2926 cm1 are associated with
the symmetric and asymmetric stretching vibrations of alkyne
(AC„CA) and methylene (ACH2A), respectively. The bend-
ing vibration for ACH2A group was observed at 1379 cm
1.
A peak at 1398 cm1 is associated with the carbonate which
ascertains the presence of inorganic groups present on the car-
bon matrix along with the superposition of various oxides in
the assignment range 400–800 cm1. A slightly broad peak at
1597 cm1 indicated the presence of‚CO stretching vibration
and a sharp peak at 1101 cm1 was associated with the SiAO(A) CDCCaFe@500 C (B) and CDC@700 C (C).
prepared from a renewable biowaste: Syntheses, characterization and modeling
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8 S. Rajkumar et al.bond of the silica framework which is further substantiated
from XRD study.
3.1.7. Surface acidity/basicity
The acid–base character of carbons is shown in Table 3 from
Boehm titration. The acidity decreases and the basicity
increases with increasing the carbonization temperature. The
notable observation is that carbons exhibit a great basicity
which reaches 4.95 mmol g1 for CDC@700 C. This result
may be attributed to the inorganic content of carbons which
allows the trapping of CO2 during the carbonization and the
formation of carbonate compounds.3.1.8. Effect of CaFe impregnation
The effect of impregnation of cattle dung with calcium and fer-
ric salts may be the result of two reactions. Firstly, the impreg-
nation solution can act as a washing treatment with an acid
solution which is able to change the acid/base character of car-
bons. Secondly, the remaining Ca and Fe compounds after
carbonization are known as improving elements in deﬂuorida-
tion adsorbents (Tchomgui-Kamga et al., 2010a,b).
The CaFe impregnation did not modify the SEM structure
of the adsorbents. All the carbons showed the presence of Fe
as new element. Despite the impregnation of cattle dung with
Ca/Fe solution the atomic percentage of Fe was always higher
than that of Ca. This observation may be the result of a wash-
ing effect during the impregnation process. Ca content in
ICDC was not higher than in corresponding CDC. The Cl
atomic content was lower than that of Ca or Fe, showing that
this element escaped during the carbonization or did not enter
into the cattle dung during the impregnation. The washing
effect was observed on the Si content which was found at
5–8.5% by weight for ICDC instead of 3.4–13% by weight
for CDC. The acid effect of the washing was observed
at two points. First, the pHPZC notably decreases at 5.5, 7.9
and 7.8 for CDCCaFe@300 C, CDCCaFe@500 C and
CDCCaFe@700 C, respectively, instead of 6.25, 9.3 and 9.6
for the non-modiﬁed CDC (Fig. S1). The second point is about
the acid/base character of the ICDCs which exhibit a clear
decrease of the base content when the carbonization tempera-
ture was at 500 C and 700 C (Table 3).
It is conspicuous that the basic nature for non-modiﬁed
CDC is greater than that of ICDC. The fall in the pH value
may be attributed to the thermo-chemical reactions involved
during the carbonization process between metal (Ca and Fe)
chlorides and surface precipitated compounds such as metal
oxides and metal carbonates on the CDC matrix.Table 3 Surface acidity and basicity of CDCs and ICDCs.
Sample Acidic (mmol g1) Basic (mmol g1)
CDC@300 C 1.50 1.69
CDC@500 C 0.76 4.21
CDC@700 C 0.44 4.95
CDCCaFe@300 C 2.02 2.22
CDCCaFe@500 C 0.46 1.62
CDCCaFe@700 C 0.76 2.09
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3.2.1. Initial optimization studies and effect of pH
The inﬂuence of pH during the sorption of ﬂuoride onto car-
bons plays a signiﬁcant role in the deﬂuoridation process.
All the synthesized carbons were investigated for their ﬂuoride
uptake capacity using the dose of 2 g L1 having the initial ﬂu-
oride concentration of 2 mg L1. The initial pH of the ﬂuoride
solution was 6.95 ± 0.05. The ﬂuoride sorption potential of
carbons is in the descending order as follows, with their ﬂuo-
ride uptake capacities in brackets:
CDC@500 C (15 mg g1) > CDCCaFe@500 C (9 mg g1)
> CDCCaFe@300 C (7 mg g1) > CDC@300 C (4 mg g1)
 CDCCaFe@700 C (4 mg g1) > CDC@700 C (3 mg g1)
With justiﬁcation, CDC@500 C was chosen for other
deﬂuoridation experiments with an objective of deﬂuoridation
efﬁciency as a function of contact time, pH, dose, temperature
and interfering anionic competitors. The optimized contact
time at which the equilibrium established between the two
phases of ﬂuorides (Fadsorbate and Faqueous) was at 40 min.
Based on the above optimized time and dose conditions, the
inﬂuence of pH on ﬂuoride sorption onto CDC@500 C and
the alteration in the solution pH levels were explored as shown
in Fig. 4A. The ﬂuoride removal efﬁciency was directly pro-
portional to pH up to 7.53 but becomes inversely proportional
thereafter till the pH value of 11.53. The highest removal was
inﬂuenced at the pH of 7.53 and the lowest removal took place
at strongly acidic and basic conditions with the pH values of
2.08 and 11.53 respectively. The ﬂuoride removal at acidic con-
ditions was minimum due to the formation of hydroﬂuoric
acid (HF, pKa = 3.18). The pHPZC of CDC@500 C was
9.09 and this basic shift is associated with the presence of inor-
ganic oxides and carbonates on the surface of the carbon
matrix. On accounting the fact that the pH< pHPZC develops
the carbon surface with positive charges but when the pH
value approaches 9.09 (pHPZC), the ﬂuoride sorption decreases
drastically as it could be observed in the present study. The
sharp decline in ﬂuoride removal after the pH of 7.99 is due
to the signiﬁcant decrease in the concentration of the proto-
nated surface sites or ﬂuoride binding sites on increasing the
pH value. In addition, at basic conditions the arising competi-
tion between ﬂuoride and hydroxide groups (almost similar
size and mono-negative charge) for the same surface active site
is most likely and hence the declining ﬂuoride sorption onto
the carbon is accounted. Similar conclusions were obtained
for carbonaceous adsorbents (Sivasankar et al., 2011, 2013).
Mattson and Mark (1971) interpreted that the carbon (ter-
med H type) activated at higher temperatures (600–1000 C)
develops basic surface sites and increases the pH value of neu-
tral or acidic solutions. This type of carbon is capable of react-
ing with acids and develops a positive zeta potential. Based on
this fact, it may also be accounted that the protonation of basic
functions on the carbon matrix by H3O
+ ions at lower pH
conditions is disfavored due to the reaction between the basic
surface sites and H+ ions. Accordingly, the ﬁnal pH of the ﬂu-
oride solution is increased after the ﬂuoride sorption
(Fig. 4A). Daifullah et al. (2007) claimed a two-step ligand
exchange mechanism for ﬂuoride adsorption. This study
inferred that the pH of the aqueous ﬂuoride solution increasedprepared from a renewable biowaste: Syntheses, characterization and modeling
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Figure 4 Fluoride removal as a function of pH for 0.01 g of
CDC@500 C (A) and CDC@500 C dose at pH 7.50 ± 0.05 (B)
(volume of solution 0.05 L).
Syntheses, characterization and modeling studies 9after the ﬂuoride sorption due to the lowering of H3O
+ con-
centration because of its tendency to protonate internal func-
tions of the carbonaceous material.
3.2.2. Effect of CDC@500 C dose
The ﬂuoride removal by CDC@500 C was calculated in the
range 63–99%. The removal difference was 17% on increasing
the adsorbent concentration from 1.0 g L1 to 2.0 g L1.
Further increase in the adsorbent concentration from
2.0 g L1 to 6.0 g L1 did not achieve any appreciable sorption
ability. The sorption of ﬂuoride onto CDC@500 C was
almost constant when the adsorbent concentration exceeded
6.0 g L1. This was due to the overlapping of active sites at
higher dosage as well as the decrease in the effective surface
area resulting in the conglomeration of exchanger particles
(Killedar and Bhargava, 1993).
The ﬂuoride uptake increase with respect to the increase in
dose of CDC@500 C was attributed to the higher availability
of surface pore volume of the carbon materials. Although the
percentage of ﬂuoride removal was found to increase with
respect to the increase in adsorbent dose, the ﬂuoride sorptionPlease cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201capacity (mg g1) for a particular adsorbent approaches the
descending trend due to the following facts:
– Better utilization of active sites at lower doses but the sites
become superﬂuous at higher doses for the limited quantity
of ﬂuoride.
– The operation of driving forces responsible for ﬂuoride
sorption becomes negligible despite the usage of high doses.
A distribution coefﬁcient KD (Murray and Stumm, 1988) is
one which reﬂects the binding ability of the surface of an
adsorbent and depends on the pH of the solution and the sur-
face of the adsorbent. KD can be calculated with Eq. (13) where
Cs is the concentration of ﬂuoride on the solid particles
(mg kg1) and Cw is the equilibrium concentration in solution
(mg L1).
KD ¼ Cs=CwðL kg1Þ ð13Þ
Fig. 4B shows that the KD value increases as the dose of
CDC@500 C increases at the constant pH and it implies the
increasing surface heterogeneity of the adsorbent as reported
by earlier researchers (Chen et al., 2011).
3.2.3. Adsorption kinetics
The study of adsorption kinetics is signiﬁcant because it pro-
vides valuable insight into the reaction pathway and ﬂuoride
sorption mechanism. The sorption mechanism depends on
the physical and chemical characteristics of the adsorbent
and also on the mass-transfer process.
The dynamics of ﬂuoride sorption onto CDC@500 C at an
optimized pH (7.53) and adsorbent concentration (2 g L1)
with respect to different initial ﬂuoride concentrations (2–
8 mg L1) and temperatures (298 K, 308 K and 318 K) was
validated using kinetic models such as pseudo-ﬁrst-order,
pseudo-second-order, intra-particle diffusion and Elovich
models. The ﬁgured parameters of the kinetic models are
represented in Table 4. Based on pseudo-ﬁrst-order and
pseudo-second-order models, it is possible to elucidate the
mechanism of adsorption and potential rate controlling steps
of ﬂuoride sorption onto CDC@500 C.
Pseudo-ﬁrst-order model is a simple adsorption kinetic
model, suggested by Lagergren (1898) and further referred
by Ho et al., and is unable to apply throughout the range of
tested contact time. The regression values (Table 4) indicated
the applicability of pseudo-ﬁrst-order and the range was
0.833–0.959, 0.967–0.971 and 0.936–0.967 respectively for
298 K, 308 K and 318 K.
According to pseudo-second-order kinetics, rate of adsorp-
tion is directly proportional to the number of active sites on
the adsorbent surface. The compliance of the pseudo-second-
order model seems appreciable and the most of the regression
coefﬁcients are P0.98. Based on the regression values, it may
be ascertained that the pseudo-second-order was more vali-
dated than that of the pseudo-ﬁrst-order model as observed
by earlier researchers (Yadhav et al., 2013).
It is inferred from the Weber–Morris intra-particle diffu-
sion plot that the initial curved portion reﬂects the ﬁlm or
boundary layer diffusion effect and the subsequent linear
portion (plateau) is pertinent to the intra-particle diffusion
effect (Ghoari and Pant, 2005). The graphical plots deviate
from passing through the origin and the deviation may beprepared from a renewable biowaste: Syntheses, characterization and modeling
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Table 4 Parametric data of kinetic models for ﬂuoride sorption onto CDC@500 C at different temperatures.
[F]o Pseudo-ﬁrst-order Pseudo-second-order Elovich Intra-particle diﬀusion
k1 (·102) qe R2 k2 (·102) qe h R2 A B R2 Ki C R2
Temperature: 298 K
2 2.42 10.07 0.833 6.57 1.87 0.23 0.916 8.1 0.298 0.776 1.96 4.11 0.870
3 3.05 7.67 0.951 16.10 2.53 1.03 0.994 97.0 0.387 0.904 1.47 15.52 0.966
4 3.46 16.83 0.947 6.69 3.73 0.93 0.989 73.6 0.183 0.936 3.09 16.53 0.984
5 2.78 17.62 0.921 5.33 3.86 0.79 0.977 44.1 0.163 0.903 3.49 14.67 0.956
6 3.71 30.48 0.959 3.31 5.52 1.01 0.985 41.7 0.105 0.921 5.37 18.07 0.969
7 3.49 33.65 0.947 2.78 6.21 1.07 0.981 40.9 0.092 0.936 6.18 19.06 0.984
8 3.59 44.26 0.838 1.95 7.09 0.98 0.959 32.3 0.076 0.881 7.51 17.02 0.948
Temperature: 308 K
2 2.69 4.09 0.967 28.50 1.08 0.33 0.992 48.1 0.718 0.938 0.79 5.53 0.983
3 2.82 8.18 0.967 7.12 1.29 0.12 0.956 2.7 0.359 0.937 1.57 1.05 0.981
4 3.12 8.18 0.967 14.25 2.15 0.66 0.992 96.3 0.359 0.939 1.57 11.05 0.983
5 3.19 12.27 0.967 8.08 2.56 0.53 0.985 27.0 0.239 0.945 2.36 9.58 0.988
6 3.29 12.53 0.971 9.78 3.52 1.21 0.994 295.5 0.239 0.940 2.36 19.58 0.983
7 3.48 16.37 0.967 6.50 3.73 0.91 0.988 65.4 0.180 0.948 3.14 16.10 0.989
8 3.94 16.37 0.967 7.43 4.69 1.64 0.993 394.3 0.180 0.937 3.14 26.10 0.983
Temperature: 318 K
2 3.69 5.47 0.936 18.54 1.02 0.19 0.982 9.1 0.588 0.906 0.97 3.56 0.964
3 3.62 10.94 0.936 9.40 3.55 0.62 0.985 12.0 0.294 0.906 1.57 1.05 0.983
4 3.46 8.18 0.967 13.46 1.96 0.52 0.990 46.9 0.359 0.937 1.57 9.05 0.985
5 3.35 12.27 0.967 7.14 2.30 0.38 0.979 13.2 0.239 0.937 2.36 6.58 0.983
6 3.16 12.27 0.967 9.51 3.23 0.99 0.992 144.1 0.239 0.937 2.36 16.58 0.982
7 2.81 16.37 0.967 5.93 3.37 0.67 0.984 32.0 0.180 0.939 3.14 12.10 0.987
8 2.53 16.37 0.967 7.10 4.31 1.32 0.992 192.2 0.180 0.937 3.14 22.10 0.983
10 S. Rajkumar et al.caused due to the difference between the rate of mass transfer
in the initial and ﬁnal stages of ﬂuoride sorption and the com-
plex mechanism which involves the contribution of both the
surface adsorption and intra-particle diffusion to the rate
determining step (Ghoari and Pant, 2005). The thickness of
boundary layer as determined from the intercept value C is
inversely proportional to the external mass transfer. The value
of C seems to be very sensitive with respect to the change in
initial ﬂuoride concentration and temperature. The regression
values indicate the intra-particle diffusion model ﬁt with the
ﬂuoride sorption dynamics.
Elovich model is one among the useful kinetic models for
describing chemisorption. The calculated values of initial
adsorption rate (A) and constant of desorption (B) with corre-
sponding regression coefﬁcients indicate that the Elovich
model ﬁts fairly well with the present system on ﬂuoride sorp-
tion onto CDC@500 C.
3.2.4. Adsorption isotherms
Equilibrium data can be analyzed using well known adsorp-
tion isotherms, which provide the basis for the design of
adsorption systems. The most widely adopted isotherm equa-
tions for modeling of the experimental data are Langmuir
and Freundlich equations. The former is being purely empiri-
cal and the later assumes that maximum sorption occurs when
the surface is covered by the adsorbate. The details of equa-
tions are presented in Table 1.
The Freundlich model (Eq. (7)) is based on the sorption
which takes place on a heterogeneous phase.
The degree of non-linearity between ﬂuoride in solution
and CDC@500C is indicated by the values of ‘n’. WhenPlease cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201n= 1, then sorption of ﬂuoride is linear. The values of 1/n pre-
dict the nature of sorption to be whether normal (1/n< 1) or
cooperative (1/n> 1) and also reported to represent a joint
measure of both the relative magnitude and diversity of ener-
gies associated with a particular sorption process
(Freundlich, 1906). In the present system, a cooperative or S-
type or solvent afﬁnity-type isotherm is associated where the
marginal sorption energy increases with increasing surface
concentration (Farrell and Reinhard, 1994). It can also be
interpreted with strong adsorption of solvent, strong inter-
molecular attraction within the adsorbed layers, penetration
of the solute (ﬂuoride) in the adsorbent (CDC@500C) and
mono-functional nature of the ﬂuoride adsorbate. The ﬂuoride
sorption capacity (KF) decreases from 36.14 mg g
1 to
6.43 mg g1 with respect to the increase in the temperature
from 298 K to 318 K. The decrease in the ﬂuoride sorption
capacity was around 5.62 times for the gradation of 20 K. In
support of this decrease in ﬂuoride sorption, the heterogeneity
of surface (1/n) was accordingly decreased for CDC@500 C
on increasing the temperature from 298 K to 318 K. The value
of 1/n was found to ascend from 0.69 to 1.15 with 1.67 folds on
increasing the temperature. It is reasonable to remember that
1/n value tends to increase with the increase in temperature,
according to theory of dilution. The decreasing trend in ﬂuo-
ride sorption to the increasing temperature may be associated
with the thickness of the boundary layer at which the molecu-
lar escape into the solution phase is facilitated especially at
high temperatures. The present observation is in agreement
with early researchers (Daifullah et al., 2007). Even though,
the agreeable ﬁt (R2 = 0.912–0.977) of experimental data,
Freundlich model does not provide a conclusive evidence forprepared from a renewable biowaste: Syntheses, characterization and modeling
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Syntheses, characterization and modeling studies 11the ﬂuoride sorption mechanism, it provides an indirect evi-
dence for site heterogeneity and/or surface heterogeneity. On
the basis of energy possessed by each afﬁnity site, the sorption
of ﬂuoride takes place in preference primarily to the stronger
binding sites followed by other sites in the order of decreasing
energy till the sorption of ﬂuoride is complete.
According to Langmuir model (Eq. (6)), the amount of ﬂu-
oride adsorbed onto CDC@500 C was decreased from
111.11 mg g1 to 66.67 mg g1 with the corresponding
Langmuir isotherm constants of 0.500 L mg1 and
0.081 L mg1 respectively. The feasibility of Langmuir iso-
therm can be expressed in terms of a dimensionless constant
or equilibrium parameter, RL which is equal to
[1/(1 + bC0)]. The data of dimensionless constant were found
between 0 and 1 and thus the favorable sorption of ﬂuoride
could be inferred.
Dubinin–Radushkevich (D–R) isotherm is more general
than Langmuir isotherm owing to its disagreement for a
homogenous surface or a constant adsorption potential.
Using D–R equations (Eqs. (8)–(10)) with reference to the pre-
sent system, the constant b gives the free energy, E (kJ mol1)
for the transfer of 1 mol of ﬂuoride from inﬁnity to the surface
of CDC@500 C and can be computed using the relationship.
The magnitude of E is helpful in understanding the nature of
ﬂuoride sorption. The recorded values of E (Table 5) decreased
from 7.91 kJ mol1 to 7.02 kJ mol1 with the increase in tem-
perature from 298 K to 318 K. It is very apparent that
E< 8 kJ mol1 ascertained the nature of ﬂuoride sorption
under the governance of physical forces (Swain et al., 2010).
3.2.5. Effect of temperature and evaluation of thermodynamic
parameters
The effect of temperature on ﬂuoride sorption onto
CDC@500 C was studied at 298 K, 308 K and 318 K for
the initial ﬂuoride concentration of 2–8 mg L1 at optimized
pH and adsorbent concentration. The related thermodynamic
parameters such as DG, DH and DS were calculated using Eqs.
(11) and (12) (Table 1). DH represents the difference in binding
energies between the sorbent and sorbate and, between the sol-
vent and solute. Thus, sorption may occur as the result of two
types of forces: enthalpy-related and entropy-related forces. In
the case of hydrophilic bonding, the enthalpy related forces are
greater due to the additional contribution of electrostatic inter-
actions. The isosteric enthalpy of ﬂuoride sorption between
43.65 kJ mol1 and 95.18 kJ mol1 in the present system
was recorded as an indicative of exothermic process or
exothermic binding reaction. According to Giles classiﬁcation
(Vinod and Anirudhan, 2001), the present ﬂuoride sorption
supports the subgroup III with temperature range 10–40 C
at which the saturation of CDC@500 C surface seems to beTable 5 Freundlich and Langmuir isotherm constants for ﬂuoride
Temperature (K) Freundlich
1/n n KF R
2
298 0.69 1.45 36.14 0.912
308 1.12 0.89 8.18 0.947
318 1.15 0.87 6.43 0.977
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tion could be investigated within this range. Sorption of a
chemical on a solid adsorbent occurs when the free energy of
the sorptive exchange is negative. The negative DG values indi-
cate the spontaneous nature of ﬂuoride sorption and decrease
from 298 K to 318 K. As the free energy change of the present
ﬂuoride sorption was evaluated in the range 0–20 kJ mol1, the
governance of bonding by physical forces may be suggested to
be the dominant mechanism. The trend in the feasibility of ﬂu-
oride sorption descends from 298 K to 318 K as shown in
Table 6.
Lower sorption of ﬂuoride at higher temperature may be
associated with the dependence of sorption coefﬁcients and
solubility on temperature. Hence the measured effect of tem-
perature on sorption isotherms is the result of combined sorp-
tion and solubility contributions. The decreasing sorption at
higher temperature (Fig. S3) may be associated with weak
interactive forces between CDC@500 C and ﬂuoride by sug-
gesting physisorption. The negative entropy change during ﬂu-
oride sorption at all temperatures signiﬁes orderliness of the
system and enthalpy driven. The entropy change is consistent
with the restricted mobility of adsorbed ﬂuoride as compared
to that in solution.
3.2.6. Desorption studies
Treatment by sorption technology is economical and advanta-
geous if the exhausted adsorbent material can be regenerated.
Fluoride desorption by NaOH solutions is presented in
Fig. 5A for CDC@500 C. Fluoride desorption using
0.05 M NaOH solution was achievable up to 100% for the ini-
tial ﬂuoride concentration of 2 mg L1. But, desorption per-
centage was found to be inversely proportional to the initial
ﬂuoride concentration. The percentage of ﬂuoride desorption
was reduced around 50% for the initial ﬂuoride concentrations
of 4 mg L1 and 5 mg L1. From this 50% of desorption, the
percentage further decreases to about 26% for the initial ﬂuo-
ride concentration of 8 mg L1. Using 0.1 M NaOH solution,
100% of desorption was achieved up to 4 mg L1. But, desorp-
tion of ﬂuoride was found to decrease and comparatively high
(2 folds) as that of 0.05 M NaOH solution for the initial ﬂu-
oride concentrations from 4 mg L1 to 8 mg L1. Desorption
of ﬂuoride was 100% for all the initial ﬂuoride concentrations
using 0.2 M NaOH solution. From the above results, it is wise
to consider 0.05 M NaOH for desorption of ﬂuoride loaded
CDC@500 C using 2 mg L1 and 3 mg L1 of initial ﬂuoride
concentrations. But 0.1 M NaOH solution is the commendable
choice for desorption of ﬂuoride loaded material using 3–
5 mg L1 of initial ﬂuoride concentration. The ﬂuoride loaded
CDC@500 C with 6–8 mg L1 may be opted with 0.2 M
NaOH solution for desorption experiments.adsorption onto CDC@500 C.
Langmuir DKR
Q b R2 E (kJ mol1)
111.11 0.500 0.767 7.91
83.83 0.084 0.781 7.07
66.67 0.081 0.771 7.02
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Table 6 Thermodynamic data on ﬂuoride sorption dynamics onto CDC@500 C.
F (mg L1) DH (kJ mol1) DS (kJ mol1) DG (kJ mol1)
298 K 308 K 318 K
2 62.99 0.182 9.139 5.896 5.557
3 95.18 0.290 9.139 4.121 3.413
4 76.86 0.226 10.002 5.896 5.557
5 49.65 0.141 7.804 5.485 5.015
6 55.01 0.155 9.139 6.410 6.087
7 59.67 0.172 8.718 5.749 5.327
8 43.56 0.118 8.427 6.410 6.088
Figure 5 Desorption of ﬂuoride at different initial concentra-
tions (A). Interference of co-ions (B) at the concentration 1 g L1
of CDC@500 C.
Table 7 Comparative sorption capacity ﬁgures of other
carbonaceous adsorbents with CDC@500 C.
S.
no.
Carbonaceous material Adsorption
capacity
(mg g1)
Reference
01. Carbon slurry 4.86 Tchomgui-
kamga et al.
(2010a,b)
02. Pine wood biochar 7.66 & 9.77 Mohan et al.
(2012)
03. Lignite 13.8 Msagati et al.
(2014)
04. Restructured lignite 15.8 Msagati et al.
(2014)
05. Carbonized cattle dung
(CDC) CDC@500 C
15.0 Present study
06. Tamarindus Indica
Fruit Shell
Carbon (TIFSC) 19.66 Sivasankar et al.
(2012a,b)
12 S. Rajkumar et al.3.2.7. Competition of other anions against ﬂuoride
The present section discusses on the ﬂuoride removal by
CDC@500 C as a function of co-ions interference which
include sodium salt of chloride, hydrogen carbonate, nitrite,
nitrate and sulfate at 0.5 M concentration. The behavior of ﬂu-
oride sorption in the environment of the other (inner and outer
sphere) complex forming ions is explored. The 80% efﬁciency
of ﬂuoride removal was reduced to 40%, 50%, 54% and 55%
respectively when HCO3
, NO3
 (and NO2
), SO4
2 and Cl ions
accompanied the ﬂuoride ion in the binary interference system
(Fig. 5B). The low afﬁnity ligands such as NO3
, NO2
 and ClPlease cite this article in press as: Rajkumar, S. et al., Low-cost ﬂuoride adsorbents
studies. Arabian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.201follow the sorption mechanism via the formation of weaker
bonds with the active sites at the Helmholtz plane through
outer-sphere complexation. Hence lesser inhibitory effect as
compared to other anions was experienced. Sulfate ions form
partial outer- and inner-sphere complexes and there are two
possible causes corroborated for the sulfate hindrance in ﬂuo-
ride sorption. One is the competition between sulfate and ﬂu-
oride for the same sorption site since the former is partially
inner-sphere complex forming species. The other is the increas-
ing coulombic repulsive forces due to the divalent sulfate ion
(in solution) could lessen the probability of ﬂuoride interaction
with the active sites. Hydrogen carbonate, a pH buffering
agent could raise and buffer the pH of the solution leading
to the decreased uptake of ﬂuoride by the adsorbents. The
greater interference of HCO3
 is studied to be more dominant
than the other species as referred in the literature (Msagati
et al., 2014).
3.2.8. Comparison of carbonaceous ﬂuoride adsorbents
A comparison has been made between carbons synthesized in
this work and previously reported carbonaceous adsorbents
for ﬂuoride removal. There are two kinds of carbon adsor-
bents. Some of them arise from carbonization of natural bio-
mass and others are modiﬁed carbons which are obtained by
carbonization of impregnated biomass. The results for some
unmodiﬁed carbons are presented in Table 7. As can be seenprepared from a renewable biowaste: Syntheses, characterization and modeling
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rials in terms of deﬂuoridation capacity.
4. Conclusions
In the present study, new efﬁcient ﬂuoride adsorbents were
prepared by carbonization of cattle dung, with a previous
impregnation by CaCl2 and FeCl3 solutions and without any
impregnation leading to carbon materials denoted ICDC and
CDC, respectively. These adsorbents and particularly CDC
are easily available in rural countries. CDC adsorbents have
shown a good efﬁciency in ﬂuoride removal from aqueous
solutions. The carbonization used during their preparations
is a sanitization process which allows the uses of these adsor-
bents in drinking water. The main conclusions drawn from
the present study are as follows:
– As for previous examples of carbons arising from car-
bonization of biomass materials, the impregnation with
CaCl2 and FeCl3 solutions did not increase the deﬂuo-
ridation efﬁciency of the ICDC by comparison with
CDC.
– CDC adsorbents were mainly basic. The basic character
was less marked for modiﬁed adsorbents ICDC.
– The most efﬁcient ﬂuoride adsorbent was CDC@500 C.
For this adsorbent the adsorption kinetic followed the
pseudo-second-order model which indicates that ﬂuoride
removal could be a chemisorptions process. The adsorption
isotherm was better ﬁtted by the Freundlich model.
– An optimum ﬂuoride removal by CDC@500 C was
observed at pH 7–8.
– A full ﬂuoride adsorption study was performed for
CDC@500 C. This study includes the effect of coexisting
ions and regeneration experiments by washing F-loaded
adsorbents with NaOH solutions.
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